For their simplicity and using cheap support materials, biological filtration of municipal wastewater can be adequate for developing countries where the legislation is not as strict as in other countries, like the members of the European Union. Biological filters are fixed biomass reactors where the suspended pollutants can easily be retained and the dissolved substances can be transformed by microbial activity. A pilot anaerobic filter was built and filled with lava stones sieved to obtain particles with an average size of 6 mm. The filter was fed with municipal wastewater during 220 days under hydraulic retention times (HRT) of 4.3 and 9.8 hours (average organic loading rates of 0.48 and 1.23 kgCOD/m 3 d). The results show that the pH did not change significantly during the process. Lower organic loading rates (higher HRT) resulted in better COD and TSS removal rates. Average biogas composition showed methane to be 67% for the lower organic loading rate and 63% for the higher one. Backwashing with air for 5 minutes every 72 hours did not negatively affect the overall anaerobic process. Average TSS removal was 79 and 73% for the higher and lower HRT (lower and higher organic loading rates), respectively.
INTRODUCTION
During the 1980s Rogalla and collaborators (Desbos et al. 1989; Rogalla & Bourbigot 1990; Rogalla et al. 1992 ) demonstrated that small particles could be successfully used as biofilm support in biological aerated filters (BAF). The particles used as filter media have the capacity of retaining the solids from the wastewater and the biofilm growing on the surface of the same particles can remove the dissolved pollutants. Considering these two important properties of the filters, Iwai & Kitao (1994) defined the action of these systems as ''combined'' filtration.
The size and general characteristics of the particles used as filter media are selected according to the objectives of the filter. Particles with diameters above 6 mm are used mainly for BOD removal and nitrification and particles less than 6 mm in size are used for tertiary treatment and for the retention of suspended solids (Moore et al. 2001) . Particles with porous surface generate more stable biofilms (Mendoza-Espinoza & Stephenson 1999) .
It is general knowledge that conventional anaerobic treatment of municipal wastewater does not produce the wastewater with the quality required in most of the countries. Anaerobic filters were conceived by Young & McCarty (1969) forty years ago and have been evolving for different uses and with different configurations (Iwai & Kitao 1994) . During the Eighties, Lindgren (1983) showed that these filters could treat relatively diluted wastewater, such as municipal. A modern approach of the anaerobic filtration can be appreciated in the works of Bodík et al. (2002) , Elmitwalli et al. (2002a) , Elmitwalli et al. (2002b) , Omil et al. (2003) and Rao et al. (2005) . The main difference between the anaerobic filter of McCarty and the modern versions of the combined filtration is the size and characteristics of the filter media. Actually, small particles are common practice and the filters require backwashing because of the accumulation of the retained solids and the biofilm growth. Cellular retention times of 20 days and organic loading rates up to 15 kgCOD/m 3 ?d in these systems are common (Noyola 1993) . Modern approaches include the combination of anaerobic filters with aerobic polishing systems (Kocadagistan et al. 2005 ) and its use for industrial wastewater (Omil et al. 2003; Rao et al. 2005) . Basically, a combined filter is considered a plug-flow reactor where arising gas bubbles and changes of the expected hydraulic patterns can cause a deviation of the ideal behaviour (Young & Dahab 1983) . The selection of the media is crucial for the optimal performance of the filter and the costs of the media can make the project unavailable for small and poor communities (Andrade et al. 2000) .
This paper deals with the use of cheap natural small particles, lava stones, as biofilm support for deep-bed filtration under anaerobic conditions for the treatment of municipal wastewater.
METHOD
An anaerobic pilot filter, without temperature control, was built using a 19 cm PVC tubing in vertical position. Figure 1 and Table 1 show the main characteristics of the filter and Table 2 shows the characteristics of the filter media. Due to the volcanic nature of central Mexico, lava stones are a very cheap material. Figure 2 shows a micrograph of the surface of one lava stone showing a rough surface with pores between 0.2 and 2 mm. The filter was fed from the bottom (upflow filtration) with municipal wastewater from the main campus wastewater treatment plant of the National University of Mexico. Considering the work of Young & McCarty (1969) , two different hydraulic retention times (HRT) were tested: 4.3 and 9.8 hours, corresponding to two different average organic loading rates (OL) of 1.23 and 0.43 kgCOD/m 3 ?d, respectively.
The pressure drop in the filter during the first month of operation increased approximately 2 cm water column per day. In order to avoid considering the pressure drop as another variable, a conservative 5 to 6 cm of total pressure drop was allowed, which resulted in regular backwashing every 72 hours. The backwashing procedure is as follows: First, compressed air was used to fluidise the filter media during 30 s. Second, during 90 s, without stopping the air flow, 120 l of tap water were allowed from the bottom to wash out the detached biofilm and suspended solids. All the water from backwashing was stored for a few minutes in a separate container and samples for analysis were taken.
Grab samples at the 6 sampling points and 24-h composite samples at influent and effluent were taken during the 220 days of experimentation.
All the water analyses were performed according to the Standard Methods (APHA-AWWA-WEF 2005). The gas analyses were made using a Fisher Gas Partitioner (chromatograph) model 1200, the column was a molecular sieve at 1501C and the carrier gas was helium. 
RESULTS
After 220 days of operation the filer media lost a total of approximately 5% of its volume due to abrasion during backwashing. The lost material volume was compensated with new material every month by adding it through the upper part of the filter. The volume of new material added every month represent less than 1% of the total volume and it was considered that this amount influenced the analytical results less than the average analysis error for COD and TSS.
Using the composite samples as reference the average municipal wastewater main components were: Total COD ¼ 464750 mg/l, dissolved COD ¼ 406759 mg/l, TSS ¼ 100720 mg/l, phosphate ¼ 5.471.1 mg/l, and ammonia nitrogen ¼ 26.1713.0 mg/l.
Temperature
The average wastewater temperature at influent and effluent was 18.870.6 and 22.371.8C, respectively. The differences between influent and effluent were caused by incidence of the solar radiation on the filter.
pH
The average pH influent values were 6.970.3 for the higher organic load of 1.23 kgCOD/m 3 ?d (lower HRT of 4.3 h) and 6.870.4 for the lower organic load of 0.43 kgCOD/m 3 ?d (higher HRT of 9.8 h). The effluent values were 6.970.1 for the higher organic load and 6.87 0.3 for the lower one. The pH profiles in Figure 3 show that in the first 60 cm the pH decreases in less than one unit and then it continues to increase to the top of the filter reaching almost the same values as the ones at the influent.
The first three curves in Figure 3 (days 44, 55, and 95) belong to the lower HRT and the other three (days 205, 218, and 221) belong to the higher HRT. Influent pH values range between 6.3 and 7.4, which can be considered from mildly acid to mildly basic. During the first 60 cm, in all cases, the pH tend to decrease mainly because of volatile fatty acids (VFA) formation and then, in the following sections, the VFA are consumed by methanogenic bacteria causing the pH to increase (Gannouna et al. 2008; Ward et al. 2008) . The upper part of the filter is in direct contact with atmospheric air and the oxygen tends to diffuse through the water surface making the pH slightly to increase (Noyola 1993; Kocadagistan et al. 2005) . These curves show no significant differences between higher and lower organic loading rates: different organic loads and HRT do not affect the pH behaviour in the filter. Table 3 presents the average values for the organic load, HRT and COD for the two runs. For both runs it is clear that the highest HRT (lowest organic load) resulted in a better total, suspended and dissolved COD removal rates with remarkable good suspended COD removal. The average suspended 9 pH profiles for the two different organic loading rates. COD removal is 73% and 60% for higher and lower HRT, respectively. According to the first papers on anaerobic filters (Young & McCarty 1969; Young & Dahab 1983) , the COD removal increases with the HRT because the longer the HRT, the longer the time for the microorganisms to act on the organic material contained in the wastewater, which tends to reduce the remaining COD in the wastewater. The suspended effluent solids and, consequently, the suspended effluent COD also tend to decrease when the time for the physical retention of the particles increases. The average influent dissolved COD represent 89% of the total COD and the effluent one is 90% showing that the dissolved COD removal is directly proportional to the influent COD. Figure 4 is useful to compare the removal of total and dissolved COD; in all cases the removal of both fractions is comparable showing no significant differences between the removal of total and dissolved COD.
Organic load, HRT and COD
A system operating with similar characteristics as the one in this paper is reported by Derycke & Verstraete (1986) achieved COD removal values between 35% and 55% for a HRT of 6 hours, for influent COD of 467 mg/l and temperature between 13 and 201C (Table 4 ). In this work and according to Tables 3 and 4, for HRT of 9.8 hours the average total COD removal was 48% and 43% for dissolved COD. Van der Last & Lettinga (1992) , with HRT of 2 hours, influent COD of 391 mg/l, and temperature of 131C, report maximum total COD removal of 34% (Table 4 ). Figure 5 shows the total COD profiles along the filter depth for the two different HRT and organic loads. Four curves were chosen as example for every HRT. The curves of the days 44, 55, 95, and 109 belong to the 9.8-h HRT and the curves for the days 205, 213, 218, and 221 belong to the 4.3-h HRT. The influent COD present values between 434 and 535 mg/l and the effluent values ranged between 202 and 247 mg/l producing, for these specific curves, removal rates of approximately 50%. During the first 60 cm in the filter the COD is removed fast, most probably due to the retention of suspended solids, and during the following 240 cm the COD decreases slowly and steadily until the wastewater reaches the effluent level. It was expected that different HRT and organic loads would produce curves with different behaviour and that higher HRT would lead to significantly better effluent values. Similarly as with the pH profiles in Figure 3 , from this set of curves, it is not possible to distinguish a significant difference between the higher and lower HRT; all curves have a similar behaviour with a slightly better removal for the higher HRT.
For higher HRT and low temperatures, de Man et al. (1986) , using a UASB reactor, report results with HRT between 9 and 14 h, temperature between 71 and 8C, obtaining COD removal rates of 57%. Using an anaerobic filter in two stages at constant 131C, Elmitwalli et al. (2002b) obtained a total COD removal of 63% and a suspended COD removal of 79%. This research achieved a total COD removal of 38% to 48% and suspended COD removal of 60% to 73%, being these results comparable to the ones of Elmitwalli et al. (2002b) and Grin et al. (1983) at a slightly higher temperature of 191C (Tables 3 and 4) .
Total suspended solids
According to Table 5 and Figure 6 , as expected for a filtration processes, the best removal rate of 79% was obtained with the higher HRT and the lowest removal of 73% with the lower HRT. The TSS effluent values average 19 and 27 mg/l for the higher and lower HRT, respectively. Lower HRT, corresponding to higher organic loading rates, produce effluents with values between 22 and 34 mg/l. Higher HRT, corresponding to lower organic loads, result in effluents with values between 12 and 28 mg/l. In several Latin American countries the TSS effluent requirements are lower than 50 mg/l and, for example, in Mexico, the lowest required values for water reuse lie between 20 and 30 mg/l (NOM-003- SEMARNAT-1996) . In this work, the higher HRT delivered treated wastewater with TSS values under 20 mg/l.
Although the removal values in Figure 6 appear to be scattered, the general results are considered satisfactory. The TSS removal values tend to increase with the HRT and not with decreasing organic load. In Figure 6 , under a low organic load (high HRT) the removal values lie between 68 and 89%. With higher organic load (low HRT) the removal values fluctuate between 64 and 77%. When plotting the TSS removal rate against the solids load a straight line with excellent regression coefficient is obtained (Figure 7) . This means that the solids removal is independent of the organic load and depends only on the solids concentration in the influent. Figure 8 presents TSS profiles along the filter depth. The TSS decreases drastically in the first 60 cm and continue decreasing slowly until the water reaches the effluent. With influent TSS between 90 and 110 mg/l, the effluent values are satisfactory yielding TSS between 14 and 26 mg/l with an average of 19 mg/l (compare Table 4 ). According to the work of Moore et al. (2001) , to achieve better removal rates, smaller filter particles are required.
Ammonia nitrogen and phosphate
Ammonia nitrogen increased along the filter: Effluent concentrations were always higher than the influent ones. 9 Total COD profiles for the two HRT and organic loads. During anaerobic digestion processes protein and amino acids are consumed and ammonia is freed during the process. This ammonia is consumed by growing microorganisms at a lower rate as it is produced (Elmitwalli et al. 2002a; Rao et al. 2005) . Figure 9 shows the ammonia nitrogen profiles of curves selected from runs under different organic loads and HRT. The curves of the days 88 and 109 belong to the higher HRT of 9.8 h and the other two to the lower HRT of 4.3 h. From these curves it is not possible to conclude which process conditions produce more ammonia nitrogen. Figure 10 presents evidence that phosphate concentrations decrease along the filter depth. Three of the four curves develop quite predictably and one does not. The curve of day 109 shows no pattern probably due to a procedure problem during sampling or the phosphate analysis. Because the phosphate determined is dissolved (orthophosphate) the concentration decrease is a result of phosphate uptake by the microorganisms for growth. These results are comparable with the work of Kobayashi et al. (1983) and Elmitwalli et al. (2002a) . From the curves in Figures 9 and 10 it is not possible to conclude if different organic loads of HRT are responsible for higher or lower uptake or production rates but it is possible to conclude that ammonia is released and that phosphate is consumed during the process.
Biogas composition
Several biogas samples were taken from the top of the filter and the composition was determined through gas chromatography. 67 and 63% methane was found in the gas mixture of the lower and higher organic loading rates (HRT 9.8 and 4.3 h), respectively. These determinations confirmed that the system was operated as an anaerobic filter and that the backwashing procedure using air as fluidizing agent did not negatively affect the anaerobic process. 
